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Among  various  thermoelectric  (TE)  materials,  iron  disilicide  (FeSb)  has  relatively  low  cost  and  non-toxic 
characteristics  which  make  it  appropriate  for  large  scale  applications.  To  enhance  the  dimensionless 
figure  of  merit  (ZT)  of  this  material,  a  composite  of  FeS^— Sio.sGeo.2  with  high  fraction  of  a-FeSb  was 
prepared  by  mechanical  alloying  and  sintering.  The  process  was  followed  by  thermal  annealing  to 
transform  a  to  (3  phase  FeSi2  through  a  slow  peritectoid  reaction  (several  hours).  The  thermoelectric 
properties  were  significantly  improved  upon  the  completion  of  the  phase  transformation.  At  tempera¬ 
tures  above  900  °C,  FeS^  component  rapidly  changed  from  (3  to  a  phase  (several  minutes)  leading  to 
sudden  increase  of  the  thermal  conductivity.  For  comparison,  the  thermoelectric  alloy  of  p-FeSi2  was 
prepared  through  a  similar  process.  The  effect  of  sintering  conditions  and  annealing  time  were  studied 
and  a  comparison  was  drawn  between  the  thermoelectric  properties  of  (3-FeSi2  and  FeSi2-Sio.8Ge0.2 
nanocomposite.  Overall,  (FeSi2)o.75(Sio.8Ge0.2)o.25  showed  170%  enhancement  in  ZT  compared  with  (3- 
FeSi2  making  it  suitable  for  medium  to  high  temperature  applications  (500  °C  -850  °C). 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

The  era  of  global  energy  crisis  and  the  urge  to  find  efficient  energy 
harvesting  technologies  have  attracted  much  attention  towards 
thermoelectric  (TE)  technology.  Recently,  there  has  been  increasing 
interest  in  TE  technology  for  applications  including  power  genera¬ 
tion,  cooling,  or  sensing  and  imaging  which  has  resulted  in  the 
development  of  new  materials,  devices,  and  characterization  tech¬ 
niques  1-4].  Resulted  from  continuous  efforts  for  enhancing  the 
efficiency  of  TE  materials,  several  methods  based  on  low  dimen¬ 
sional  structures  [5,6],  nanostructuring  [7-11],  energy  filtering 
techniques  [12-14],  resonant  energy  levels  [15],  embedded  nano¬ 
inclusions  16-19]  and  complex  material  systems  [20-22]  have 
been  developed  and  applied  to  several  material  systems. 

The  efficiency  of  TE  materials  in  energy  conversion  is  evaluated 
by  their  dimensionless  TE  figure  of  merit,  ZT  =  (S2cr//<)T,  where  Z  is 
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the  figure  of  merit,  T  is  the  absolute  temperature,  S  is  the  Seebeck 
coefficient,  a  is  the  electrical  conductivity,  and  k  is  the  thermal 
conductivity.  ZT  is  temperature  dependent  and  each  TE  material  is 
good  for  a  certain  range  of  working  temperature. 

There  are  several  material  systems  that  have  shown  improved 
TE  properties  at  medium  to  high  temperature.  Among  these  ma¬ 
terials,  several  different  silicide  alloys  have  been  identified  and 
investigated  [23-27].  For  example,  the  beta  phase  iron  disilicide  ((3- 
FeSh)  is  a  known  TE  material  for  medium  temperature  range 
(500  °C-900  °C)  due  to  its  thermal  stability,  oxidation  resistance 
and  good  mechanical  strength,  along  with  low  cost  and  non¬ 
toxicity  of  its  raw  materials  [28,29].  Flowever,  despite  its  rela¬ 
tively  high  power  factor,  it  has  a  low  figure  of  merit  [30—32].  The 
largest  ZT  reported  for  this  material  system  is  around  ZT  =  0.25 
[30  ,  which  is  too  small  to  make  an  efficient  device. 

Thermoelectric  (3-FeSi2  is  an  intrinsic  semiconductor,  and 
different  dopants  like  Co  [30]  or  B,  and  Cr  [33],  Ti,  Nb,  Zr  [34],  Mn 
[35]  or  A1  [36  etc.  are  added  intentionally  to  induce  n-type  or  p- 
type  characteristics,  respectively,  and  improve  its  thermoelectric 
properties.  Nanostructuring  is  another  technique  which  helps 
increasing  the  ZT  in  TE  materials  by  decreasing  thermal  conduc¬ 
tivity  through  enhanced  phonon  scattering  at  the  nanocrystals 
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Table  1 

Powder  preparation  parameters. 


Powder 

Composition 

Milling 

machine 

Milling  Bowl  and 
time  (hr)  ball  material 

FeSi2 

(Feo.95Coo.o5)Si2 

Vibratory  mill  96 

Stainless  steel 

SiGe 

Si0.775Ge0.2P0.025 

Planetary 

56 

Tungsten  carbide 

ball  mill 

FeSi2— SiGe  (FeSi2)o.75(Sio.8Ge0.2)o.25  Planetary 

30 

Tungsten  carbide 

ball  mill 

Table  2 

Preparation  properties  of  samples  \—4. 

Sample  ID 

Pressure  (MPa) 

Temperature  (°C) 

Time  (min) 

1 

120 

1150 

6 

2 

120 

1000 

6 

3 

120 

1100 

6 

4 

120 

1100 

15 

interfaces  [37].  In  order  to  further  improve  the  thermoelectric 
performance  of  (3-FeSi2,  several  additives  have  been  investigated  to 
form  a  nanocomposite  of  FeSi2  [38-40].  Sm203  and  Er203  con¬ 
taining  FeSi2  have  shown  a  ZT  of  0.54  and  0.56  respectively  at 
approximately  650  °C  [38]. 

The  thermoelectric  (3-FeSi2,  with  orthorhombic  structure,  forms 
through  a  peritectoid  reaction  from  the  high  temperature  tetrag¬ 
onal  a-Fe2Si5  and  cubic  e-FeSi  phases  [41  .  This  peritectoid  reaction 
is  very  slow  for  p-FeSi2  formation.  Since  the  reaction  is  controlled 
by  diffusion  through  the  solid  P-phase  shell  by  the  peritectoid  re¬ 
action,  the  transforming  rate  from  p  to  a  is  much  lower  than  a  to  p 
[42].  Therefore,  a  long-time  annealing  after  the  sintering  is  usually 
required  to  obtain  dominant  phase  of  P  in  an  a-FeSi2. 

Sii_xGex  (SiGe)  alloys  have  been  the  principal  thermoelectric 
materials  for  power  generation  at  high  temperatures  (T  >  1100  °C). 
SiGe  alloys  possess  high  mechanical  strength,  high  melting  point, 
low  vapor  pressure  and  resistance  to  atmospheric  oxidation 
[43,44].  The  ZT  of  p-type  and  n-type  SiGe  in  Radioisotope  Ther¬ 
moelectric  Generators  (RTG)  are  ~0.5  and  -0.9  at  825  °C,  respec¬ 
tively  [45].  The  maximum  reported  ZT  for  p-type  bulk 
nanostructure  Sio.sGeo.2  and  n-type  bulk  nanostructure  Sio.sGeo.2 
are  -0.9  [46,48]  and  -1.3  [47],  respectively.  The  typical  content  of 


germanium  in  SiGe  TE  alloy  is  about  20%.  It  is  highly  desired  though 
to  reduce  this  amount  due  to  the  high  cost  of  germanium. 

In  order  to  increase  the  low  thermoelectric  efficiency  of  FeSi2 
without  significant  increase  in  the  cost  of  the  starting  materials,  a 
nanocomposite  of  FeSi2  and  SiGe  was  prepared  by  mechanical 
alloying,  sintering,  and  subsequent  annealing.  Hot-press  conditions 
for  sintering  of  the  samples  were  also  investigated,  and  finally,  a 
comparison  was  made  between  the  pure  FeSi2  and  FeSi2— Sio.sGeo.2 
composites. 


2.  Materials  and  methods 

Elemental  Si  (purity  >  99.9%),  Ge  (purity  >  99.9%),  Fe  (pu¬ 
rity  >  99.9%),  Co  (purity  >  99.9%),  and  P  (purity  >  99.9%)  were  used 
to  prepare  Co-doped  FeSi2  and  P-doped  Sio.sGeo.2  powders  for 
making  the  final  FeSi2— Sio.sGeo.2  composite.  The  milling  conditions 
for  FeSi2,  SiGe  and  FeSi2-SiGe  composite  powders  are  summarized 
in  Table  1. 

FeSi2-SiGe  composite  powder  was  then  loaded  into  a  graphite 
die  of  12.7  mm  ID  and  sintered  with  a  homemade  DC  hot-press 
compaction  system  under  different  conditions  provided  in 
Table  2.  The  density  of  the  samples  was  measured  by  the  Archi¬ 
medes'  method,  and  all  the  samples  had  a  density  of  -95%  of  the 
nominal  density. 

An  argon  atmosphere  furnace  was  used  to  anneal  the  samples. 
The  samples  were  cut  into  different  shapes  for  characterization. 
Milled  powders  and  sintered  samples  were  characterized  by  a 
Bruker  AXS  D8-Discover  X-Ray  Diffraction  (XRD)  machine.  Phase 
identification  and  crystallite  size  analysis  were  performed  by  XRD 
spectrum  collected  using  CuKoc  radiation  at  40  kV  and  40  mA.  The 
Seebeck  coefficient  and  electrical  conductivity  of  the  samples  were 
measured  simultaneously  through  a  four-probe  method  by  means 
of  commercially  available  equipment  (Ulvac,  ZEM-3).  Thermal 
conductivity  was  measured  by  a  laser  flash  apparatus  (Netzsch  LFA 
457).  The  uncertainty  of  the  measurements  for  thermal  conduc¬ 
tivity,  electrical  conductivity  and  Seebeck  coefficient  measure¬ 
ments  were  -10%,  5%,  and  5%,  respectively.  The  structures  of  the 
sintered  samples  were  studied  by  scanning  electron  microscopy 
(Hitachi  S4800)  investigations  of  the  cleaved  surfaces  of  the 
samples. 


Fig.  1.  SEM  images  of  samples  1,  2,  3  and  4  in  their  as-pressed  form. 


Intensity  [a.u.] 


942 


M.  Mohebali  et  al.  /  Renewable  Energy  74  (2015)  940-947 


Fig.  2.  XRD  patterns  of  sample  1  in  as-pressed  form  and  after  5  h  of  annealing  at 
850  °C. 


3.  Results  and  discussion 

Fig.  1  shows  the  SEM  images  from  the  hot  pressed  samples. 
Particle  size  increases  by  increasing  hot  press  temperature  from 
sample  2  with  the  smallest  particle  size,  to  sample  3  and  then  1.  The 
porosity  follows  the  reverse  order,  decreasing  by  increasing  tem¬ 
perature.  Comparing  sample  3  and  4,  it  can  be  concluded  that 
increasing  the  holding  time  at  high  temperatures  increases  the 
particle  size  and  reduces  the  porosity. 

Sample  1  was  selected  as  the  study  sample  to  investigate  the 
phase  evolution  of  the  FeSh-SiGe  composite  during  the  annealing 
process.  Fig.  2  shows  the  XRD  patterns  of  sample  1  right  after  hot- 
pressing,  and  after  5  h  of  annealing  at  850  °C.  After  hot-pressing, 
the  sample  consists  of  oc-FeSh  and  SiGe,  while  after  5  h  of 
annealing,  a  significant  fraction  of  a-Fe2Sis  and  e-FeSi  have 
transformed  into  the  P-FeSh  phase.  Phosphorous  doped  Sio.sGeo.2 
is  recognized  in  XRD  patterns  by  Si  peaks  which  are  shifted  to  a 
certain  amount  toward  higher  d-spacings,  meaning  that  bigger 
sized  Ge  atoms  have  been  placed  in  the  Si  unit  cells  expanding  the 
planar  distances. 

Thermoelectric  properties  of  sample  1  in  its  original  hot- 
pressed  form  and  after  being  annealed  at  5,  10  and  15  h  at 
850  °C  are  given  in  Fig.  3.  The  original  sample  shows  the  typical 
metallic  high  electrical  and  thermal  conductivities,  and  low 


Fig.  3.  Thermoelectric  properties  of  the  composite  sample  sintered  at  1150  °C  for  6  min  (sample  1)  before  annealing  and  after  annealing  at  850  °C  for  5, 10  and  15  h. 
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Fig.  4.  Thermoelectric  properties  of  samples  sintered  under  different  hot-press  conditions  and  after  annealing  at  850  °C  for  15  h.  Sample  2  which  was  sintered  at  1100  °C  for  6  min 
shows  the  highest  ZT  among  all  samples. 


Seebeck  coefficient  and  low  ZT.  The  short  version  “Figure  of  merit, 
ZT”  was  used  as  labels  in  all  the  graphs  instead  of  the  “dimen¬ 
sionless  figure  of  merit,  ZT”.  Annealing  for  5  h  did  not  show  sig¬ 
nificant  improvement  in  the  product  of  PF  and  temperature  (PFT) 
or  the  ZT,  but  showed  reductions  in  electrical  and  thermal  con¬ 
ductivity  values.  Being  consistent  with  the  XRD  results,  these 
changes  indicate  that  the  phase  transformation  has  already  star¬ 
ted,  but  the  major  phase  is  still  the  alpha  phase.  The  increase  of 
the  annealing  time  to  10  and  15  h  resulted  in  a  concomitant  in¬ 
crease  in  Seebeck  coefficient,  PFT  and  ZT.  The  electrical  conduc¬ 
tivity  reduced  with  the  beta  phase  formation  at  5  h,  and  reduced 
even  more  after  annealing  for  10  h.  However,  the  Seebeck  coeffi¬ 
cient  showed  only  a  small  enhancement  after  5  h  of  annealing,  but 
then  reduced  more  and  more  as  the  annealing  continued.  Further 
annealing  up  to  15  h  did  not  result  in  further  decrease  of  thermal 
conductivity.  The  samples  were  also  tested  under  cooling  cycles, 
heating  the  sample  from  room  temperature  to  850  °C  and  cooling 
back  to  room  temperature  with  heating/cooling  rate  of  approxi¬ 
mately  5  °C/min.  In  contrast  to  SiGe,  the  properties  of  our  samples 


were  well  reproducible  after  several  heating/cooling  cycles  indi¬ 
cating  no  dopant  precipitation  48,49]. 

Samples  2—4  were  annealed  at  850  °C  for  15  h  and  thermo¬ 
electric  properties  were  measured  as  given  in  Fig  4.  Sample  2 
showed  the  highest  value  of  ZT  among  these  samples.  The  trends 
can  be  understood  as  both  thermal  conductivity  and  electrical 
conductivity  are  very  sensitive  to  crystallite  size  and  porosity  as 
well  as  the  interplay  of  these  two  parameters.  Both  hot-press 
temperature  and  holding  time  affect  the  final  ZT  of  the  material. 
It  is  thus  interesting  that  even  though  sample  2  and  3  are  more 
porous  compared  to  sample  1  and  4,  yet  they  possess  higher  ZT, 
meaning  that  crystallite  size  plays  a  major  role  in  the  thermoelec¬ 
tric  properties  of  the  composite  structure.  Sample  4  which  was  held 
at  1100  °C  for  15  min  showed  better  ZT  that  sample  1  treated  at 
1150  °C  for  6  min,  which  indicates  that  the  hot-press  temperature 
must  be  optimized  versus  the  holding  time  for  better  final 
properties. 

Another  important  aspect  affecting  the  final  thermoelectric 
properties  is  the  peritectoid  reaction  that  takes  place  during 
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Fig.  5.  XRD  pattern  of  samples  1-4  after  annealing  at  850  °C  for  15  h. 


annealing  to  form  the  thermoelectric  beta  phase  material.  The 
anticipated  lower  crystallite  size  of  the  sample  treated  at  lower  hot- 
press  temperature  would  result  in  more  nucleation  sites  for  the 
beta  phase  whose  growth  is  controlled  by  diffusion  [42].  Thus,  the 
sample  with  smaller  crystallite  size  should  have  higher  concen¬ 
tration  of  beta  phase  formed  at  a  given  amount  of  annealing  time, 
consistent  with  a  considerably  higher  Seebeck  coefficient  observed 
for  sample  2  compared  to  the  rest  of  the  samples  (Fig.  5). 

Sample  2  which  showed  the  highest  ZT  value  among  all  the 
samples  was  then  annealed  for  longer  time  periods  to  find  the 
optimum  annealing  time  which  would  result  in  the  highest  ZT. 
Fig.  6  shows  the  change  in  ZT  of  sample  2  after  annealing  in  850  °C 
for  15, 20, 25, 30  and  45  h.  It  can  be  seen  that  the  ZT  is  increased  up 
to  -0.54  at  714  °C  and  0.45  at  850  °C  after  20  h  annealing.  Flowever, 
further  increase  in  annealing  time  reduced  the  ZT.  Therefore  the 
optimum  annealing  time  to  gain  a  high  ZT  from  the  FeSi2-Sio.sGeo.2 
composite  is  approximately  20  h. 

The  ZT  value  of  0.54  is  more  than  twice  the  highest  reported  ZT 
value  for  FeS^  alone  (ZT  =  0.22),  making  this  material  a  better 
choice  for  energy  harvesting  applications.  It  is  also  noticeable  that 
the  value  of  ZT  remains  above  0.4  for  the  entire  temperature  range 


Fig.  6.  Thermoelectric  properties  of  sample  2  after  annealing  at  850  °C  for  15,  20,  30,  35  and  45  h.  The  optimum  annealing  temperature  is  shown  to  be  20  h. 
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Fig.  7.  Thermoelectric  properties  of  hot-pressed  FeSh  and  FeSh-SiGe.  The  addition  of  SiGe  to  FeSh  significantly  improved  ZT. 


of  500-850  °C,  which  makes  it  a  material  of  choice  for  a  wide 
range  of  applications  in  mid-to-high  temperature. 

Fig  7  shows  the  comparison  of  the  thermoelectric  properties  of 
SiGe-FeSh  composite  sample  2  and  a  single  phase  FeSh  sample 
prepared  with  similar  hot-press  conditions.  It  could  be  inferred 
from  the  diagrams  that  the  inclusion  of  SiGe  in  the  FeSb  matrix  has 
increased  the  Seebeck  coefficient  at  temperatures  above  500  °C. 
The  increase  in  electrical  and  thermal  conductivity  can  be  attrib¬ 
uted  to  SiGe  phase.  The  interplay  of  these  effects  concludes  in  a 
many  times  higher  PFT,  which  results  in  a  higher  ZT  for  the  com¬ 
posite  system. 

In  the  final  trial,  the  thermoelectric  properties  of  sample  2  after 
being  annealed  for  45  h  at  850  °C  were  studied  to  find  the 
maximum  working  temperature  of  the  composite  (Fig.  8).  It  could 
be  seen  that  the  composite  is  withstanding  up  to  around  920  °C 
after  which  the  transformation  from  beta  thermoelectric  phase  to 
alpha  metallic  phase  takes  place.  This  transformation  resulted  in  a 
sharp  increase  in  both  electrical  conductivity  and  thermal  con¬ 
ductivity  along  with  a  sharp  decrease  in  Seebeck  coefficient,  which 
are  the  characteristics  of  a  metallic  phase  material.  As  a  result,  the 
ZT  dropped  significantly  after  the  phase  transformation.  The 


reverse  phase  transformation  of  oc-FeSh  to  p  phase  happens  after  a 
long-time  annealing  process  as  confirmed  by  annealing  the  sample 
for  15  h  at  850  °C.  The  values  of  the  electrical  conductivity,  Seebeck 
coefficient,  and  thermal  conductivity  were  reproducible  within  the 
accuracy  of  the  experiments. 


4.  Conclusion 

The  composite  structure  of  (FeSi2)o.75(SiGe)o.25  prepared  by 
mechanical  milling  of  the  constituents  elemental  powders  was 
investigated.  Bulk  samples  were  prepared  using  hot-press  sin¬ 
tering  with  different  conditions.  The  optimum  annealing  process 
was  found.  It  was  shown  that  the  sample  sintered  at  1000  °C  for 
6  min  under  120  Mpa  pressure  and  annealed  for  20  h  at  850  °C 
had  the  highest  ZT  of  0.54,  which  was  more  than  twice  the  ZT 
value  of  single  phase  FeSh  made  under  similar  conditions.  This 
composite  system  showed  a  ZT  of  above  0.4  for  the  entire  tem¬ 
perature  range  of  500-850  °C  which  makes  it  a  promising  ma¬ 
terial  for  the  mid-to-high  temperature  thermoelectric 
applications. 
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Fig.  8.  Thermoelectric  properties  of  sample  2  annealed  at  45  h  measured  up  to  980  °C.  Maximum  working  temperature  of  the  composite  was  found  to  be  920  °C. 
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